Aldous IG, Veres SP, Jahangir A, Lee JM. Differences in collagen cross-linking between the four valves of the bovine heart: a possible role in adaptation to mechanical fatigue. Am J Physiol Heart Circ Physiol 296: H1898 -H1906, 2009. First published March 27, 2009 doi:10.1152/ajpheart.01173.2008.-Hydrothermal isometric tension (HIT) testing and high-performance liquid chromatography were used to assess the molecular stability and cross-link population of collagen in the four valves of the adult bovine heart. Untreated and NaBH4-treated tissues under isometric tension were heated in a water bath to a 90°C isotherm that was sustained for 5 h. The denaturation temperature (Td), associated with hydrogen bond rupture and molecular stability, and the half-time of load decay (t1/2), associated with peptide bond hydrolysis and intermolecular cross-linking, were calculated from acquired load/temperature/time data. An unpaired group of samples of the same population was biochemically assayed for the types and quantities of enzymatic cross-links present. Tissues known to endure higher in vivo transvalvular pressures had lower Td values, suggesting that molecular stability is inversely related to in vivo loading. The treated inflow valves (mitral and tricuspid) had significantly lower t1/2 values than did treated outflow valves (aortic and pulmonary), suggesting lower overall cross-linking in the inflow valves. Inflow valves were also found to fail during HIT testing significantly more often than outflow valves, also suggestive of a decreased cross-link population. Inflow valves may be remodeling at a faster rate and may be at an earlier state of molecular "maturity" than outflow valves. At the molecular level, the thermal stability of collagen is associated with in vivo loading and may be influenced by the mature, aldimine-derived cross-link, histidinohydroxylysinonorleucine. We conclude that the valves of the heart utilize differing, location-specific strategies to resist biomechanical fatigue loading.
THE VALVES OF THE HEART ENDURE a complex combination of tensile, compressive, and shear stresses as they open and close during the normal cardiac cycle. With ϳ35 million open/close cycles in one year, the valves offer a unique opportunity to study the response of soft tissues to fatigue loading in a physiologically relevant setting. Although the four valves are loaded at the same frequency, the normal cardiac cycle, the magnitude of the load on each valve is different. An understanding of how the extracellular matrix of heart valves is remodeled and maintained in such a demanding mechanical loading environment would be key to understanding both normal valve physiology and the degenerative pathologies leading to their failure.
Collagen, the primary structural component of heart valves, is largely responsible for defining the mechanical properties of valves. Cross-links are at the core of collagenous mechanical properties, since they reinforce individual collagen fibers and improve force transmission between fibers (41) . Upon initial synthesis, enzymatic cross-links are described as immature and are labile to high and low pH (4) and to high temperature (5) . With time, immature cross-links biochemically transition to a mature, stable form. In vitro, immature cross-links may be artificially stabilized through sodium borohydride (NaBH 4 ) treatment, thereby becoming resistant to high/low pH or hydrothermal scission.
Collagenous tissue remodeling in response to mechanical loading has been shown through the study of collagen crosslinks (24, 43) . For instance, a high level of immature crosslinks has been shown in human uterine collagen (25) , which is known to have a high rate of collagen turnover (46) . Tissues with a higher collagen turnover rate also exhibit a slower net loss of immature cross-links because of continued replacement (9) . Conversely, low levels of immature cross-links may indicate a low level of collagen turnover. The ratio of immature to mature cross-linking may therefore be taken as a measure of the degree of collagen turnover (3, 52 ). In the current study, we have hypothesized that valvular collagen remodels at different rates depending on anatomical location. We have therefore tested this hypothesis by examining the proportions of hydrothermally labile to stable cross-links in the four valves of the bovine heart.
Although various biochemical analysis methods have been used to assess collagen cross-linking, these methods do not provide the sort of direct link between cross-linking and mechanical properties that may be achieved through thermomechanical analysis. The thermal properties of collagenous tissues have been studied using techniques such as 1) differential scanning calorimetry (16, 17, 20) , 2) shrinkage temperature tests (10 -12) , and 3) hydrothermal isometric tension (HIT) tests (1, 5, 31, 32, 28, 41, 55) . Structural/mechanical relationships in the collagen matrix are only directly assessed by the latter two analyses. These two methods examine changes in force-length behavior occurring as a result of thermally induced structural transitions in collagen such as denaturation, scission of hydrothermally labile cross-links, and hydrolysis of the peptide bonds that form the backbone of the collagen molecule. The ability to simultaneously assess molecular stability through thermal denaturation and the mechanically relevant cross-link population using one tool is unique to the HIT technique. Furthermore, by using NaBH 4 treatment in conjunction with HIT, one can assess both the mature crosslink population (untreated samples) and the total cross-link population (NaBH 4 -treated samples).
The objective of the current study was thus to examine potential differences in molecular stability and mechanically relevant cross-linking of the collagen in bovine heart valves. We have shown an inverse relationship between the molecular stability of collagen in heart valves and in vivo mechanical load. Our results imply that inflow valves (mitral and tricuspid) may be remodeling at a faster rate than their outflow counterparts (aortic and pulmonary), perhaps because of differences in the demands of biomechanical fatigue loading.
METHODS AND MATERIALS
Tissue harvest and sample preparation. The hearts of adult steers (n ϭ 65), ϳ24 -30 mo old, were gathered from a local abattoir (Armstrong Food Service, Nova Scotia, Canada) immediately after slaughter. Animals displaying evidence of sickness and/or disease, as determined by a federally licensed meat inspector, were excluded. All four valves were excised on site and transported on ice in Hanks' solution containing 5 ml of antibiotic antimycotic solution (10,000 U/ml penicillin, 10 mg/ml streptomycin, and 25 g/ml amphotericin B) and 6 mg of trypsin inhibitor (8,550 U/mg) per liter (pH 7.4 at room temperature). Because of anatomic differences between the cusps of the mitral and tricuspid valves, only the larger respective anterior and posterior leaflets were used. We note that, in the case of the mitral valve, the anterior cusp is thought to be under increased stress compared with its posterior counterpart (27) . In the absence of equivalent information on the tricuspid valve, the posterior cusp was selected because of its larger size compared with the other cusps, paralleling the anterior leaflet choice for the mitral valve. Because of the symmetry and uniformity of the outflow (aortic and pulmonary) valve cusps, one cusp was selected at random from each of these valves. A single test strip, measuring ϳ5 by 15 mm was cut in the circumferential direction (the primary direction of collagen fiber alignment) from the centre of each leaflet. Samples were then thoroughly rinsed with, and placed in, fresh Hanks' solution. Individual samples were placed in each of the experimental groups to be untreated or NaBH 4 treated.
Cross-link reduction using NaBH4. Intermediate, thermally labile cross-links were stabilized in the treated samples using NaBH4 (4, 5, 13, 48) , following the protocol of Wells et al. (54, 55) . Briefly, samples underwent a series of four 15-min washes at 4°C with constant agitation, each wash containing 0.1 mg/ml NaBH 4 in borate buffer solution (pH 9). Untreated samples were exposed to the same buffer treatment procedure, but in the absence of NaBH 4. All samples were thoroughly rinsed with, and placed in, Hanks' until testing. All reagents were purchased from Sigma Chemical (St. Louis, MO).
HIT testing. Samples were tested in a custom-built, multisample HIT apparatus, as described by Lee et al. (28) . Samples were tested in groups, up to six at a time. Stainless steel spring clamps were used to grip the samples, leaving ϳ10 mm of tissue between the grips. An initial load of 50 g (ϳ0.5 N) was applied to each of the samples, suspended in a 4-liter beaker containing distilled water. The samples were then heated at a rate of ϳ1-2°C/min from room temperature to an isotherm temperature of 90°C. The temperature of the water bath was held at 90 Ϯ 0.3°C for a period of ϳ5 h, maintained by computer on/off heater control. Temperatures were measured using a centrally located thermistor probe positioned at midsample height. Load data were acquired using custom-built strain-gauged cantilever load cells. The load cells and temperature probe were interfaced with a conditioning amplifier, and both data acquisition and system control were accomplished via a personal computer equipped with a 12-bit A/D, D/A DAQ board (Model NB-MIO-16L; National Instruments) and custom-written software programmed using LabVIEW 7.1 software (National Instruments).
Temperature-time-load data were generated throughout HIT testing (Fig. 1 ). As the water in which the samples were immersed was heated from ambient temperature to the 90°C isotherm, load, temperature, and time data were captured in 1°C intervals. During the 90°C isothermal portion of the test, data were recorded at 30-s intervals.
Denaturation temperature. A key measure of collagen's hydrothermal stability is the temperature at which a triple helix denatures, its denaturation temperature (T d). This is the temperature at which enough thermal energy has been transferred to the sample to overcome the energy barrier to uncoiling and allow change to a new, lower-energy conformation. In HIT testing, samples are held under isometric constraint such, that when enough thermal energy is added, the collagen molecules within the sample become able to uncoil. Their actual uncoiling is prevented as the sample is being held under isometric constraint and the energetic impetus to uncoil generates a tensile force that is recorded as a distinctive increase in the load on the sample. This creates an elbow in the load-temperature plot (Fig. 1B) . The temperature at which this elbow begins is termed the T d of the sample. Different regions within a collagenous sample, and within an individual collagen molecule for that matter, have varying degrees of thermal stability. The T d value recorded in this work therefore is a function of the thermal stability of all of the load-bearing collagen in the sample during testing.
Calculation of half-time of load decay. One of the benefits of HIT testing is its ability to assess the structural properties of collagenous tissues apart from the denaturation process. This is especially true during the isothermal portion of the HIT test during which time the load on the sample decays because of ␣-chain hydrolysis. Here, the rate at which the load decays may be quantified by calculating the time required for the load to fall to one-half of its peak value. This parameter is termed the half-time of load decay (t 1/2). The tension within a purely collagenous network subject to high temperature will experience a Maxwell decay (18) as:
where L(t) is load, Lmax is peak load, k is the relaxation constant, and t is time. When L(t) is equal to half of Lmax, Eq. 2 takes the following form,
The value of k was determined as the slope of a linear curve fit of the log[L(t)/L max] vs. time plot (31, 32) over a standard 5,000-s data interval during the isotherm (Fig. 1C) . In all cases, this data interval began 5,000 s after the maximum load, L max, was reached (at or near the beginning of the isotherm) to avoid any thermoelastic contraction that has been described by others to occur in other tissues types during the first 5,000 s of the isotherm (54). The t 1/2 was then determined using Eq. 3 as:
Transvalvular pressure data. Transvalvular pressure (TVP), the peak pressure difference across a closed valve, was used as an indicator of the mechanical load on the heart valve leaflet tissues in the current study. As demonstrated in, or calculated from, the literature, bovine TVPs are slightly higher than their counterparts in the human heart (see Table 1 ).
Cross-link analysis. Lyophilized, borohydride-reduced samples of aortic, pulmonary, mitral (anterior leaflet), and tricuspid (posterior leaflet) valves from the hearts of 12 steers, 24 -30 mo old, were unpaired to those used in the above described HIT analysis. These were sent to the Rowett Research Institute, Aberdeen, Scotland, for cross-link analysis under the direction of Dr. S. P. Robins. Pyridinoline (PYD) and deoxypyridinoline (DPD) cross-links were analyzed by HPLC using automated sample preparation by partition chromatography on cellulose-containing extraction columns (Gilson ASPEC system; Anachem, Luton, UK), as described previously (44) . Weighed samples of the lyophilized tissues were hydrolyzed in 5.7 M HCl in sealed tubes at 107°C for 20 Ϯ 1 h. The acid was then removed by evaporation, and the hydrolysates were redissolved in 1.0 ml of water. Aliquots (0.5 ml) were applied to sample tubes of the ASPEC instrument, which was set up with extraction columns containing 100 mg cellulose CC31 (Whatman, Maidstone, UK) and a mobile phase of butan-1-ol-acetic acid-water (4:1:1 by volume). Cross-links were separated by HPLC using a 4.6 ϫ 150 mm Gemini 3 m C 18 column (Phenomenex, Macclesfield, UK) run at 0.5 ml/min with 20 mMheptafluorobutyric acid with an acetonitrile gradient. Column effluent was monitored using a FP-2020 fluorescence detector (extension 295 nm/emission 400 nm; Jasco, Great Dunmow, UK) to quantify PYD and DPD. The addition of a fluorescent, semisynthetic internal standard, O-acetyl-pyridinoline (44) , at the initiation of sample processing enabled cross-link quantification.
The borohydride-reduced, difunctional cross-links, dihydroxylysinonorleucine (DHLNL) and hydroxylysinonorleucine (HLNL), and the mature, soft tissue cross-link, histidinohydroxylysinonorleucine (HHL), were analyzed using methods similar to those described by Robins et al. (49) in which tissue hydrolysates were prefractionated as for the pyridinium cross-links on columns of cellulose CC31 using the Gilson ASPEC. For pyridinium cross-link analysis, instead of eluting with HFBA, the cellulose columns were eluted with 0.75 ml 50 mM HCl and sodium citrate, pH 2.0, which was added to the eluate to a final concentration of 50 mM. The samples were chromatographed on a high-efficiency sodium ion-exchange column (4 ϫ 150 mm; Pickering Laboratories, Mountain View, CA) equilibrated and eluted at 70°C with 85 mM sodium citrate, pH 5.0. DHLNL, HLNL, and HHL were quantified by postcolumn derivatization with ortho-phthaldialdehyde in borate buffer with fluorescence monitoring at excitation 355 nm/emission 450 nm using a Pinnacle PCX system (Pickering Laboratories), with external standardization of known amounts of purified cross-links submitted to the same prefractionation procedures. The moles of each cross-link are presented per mole of collagen, which was determined using a colorimetric assay for hydroxyproline (59) , assuming that 14% of collagen is hydroxyproline by mass (7, 15, 58) .
Statistical analysis. All statistical analyses were conducted using JMP 5.01 software (SAS Institute). All data are presented as means Ϯ SE. Comparison of the T d of the four valves was done using ANOVA with a post hoc Student's t-test with Bonferroni correction. A Chisquare ( 2 ) analysis was used to assess the proportions of sample failure between the valve types grouped according to their anatomical position (inflow or outflow). With the use of the samples deemed to have survived the HIT testing protocol, t 1/2, were calculated and then compared between the four valve types, again using the ANOVA/ttest analysis after valves were grouped by inflow vs. outflow anatomical position. T d and t1/2 data passed a Shapiro-Wilk normality test (w Ͻ 0.0001) when all data were grouped together, and after the data were separated into subgroups by valve type and NaBH 4 treatment condition. The relationship between Td and TVP for the four valves described in Fig. 2 was fit using a power law curve (r 2 ϭ 0.9616).
RESULTS

T d .
The mitral valve, which endures the highest TVP compared with the other valve types, displayed the lowest T d (Fig.  2A) . The mitral valve was followed in order of increasing T d by the aortic, tricuspid and pulmonary valves, with a significant difference in T d found between each of the four valve types. Plotting the T d values of these valves against the expected bovine TVP reveals a relationship between T d and TVP (Fig.  2B ). This suggests that the stability of the collagen molecule in heart valves is a function of the in vivo mechanical load upon the specific tissue. No significant difference was observed in T d when comparing all NaBH 4 -treated and all untreated samples ( Table 2 ). This finding suggests that the type (labile or stable) of intermolecular cross-linking does not impact the molecular stability at denaturation as displayed in T d . Indeed, at the point of denaturation, all cross-links (labile and stable) should still be intact, since the labile cross-links are not thought to rupture until well above the T d , and the stable cross-links do not hydrothermally rupture at all (21) .
Failure populations. Lack of sufficient hydrolytically stable cross-linking can lead to failure of samples during HIT testing. Samples were deemed to have failed during the HIT test when they experienced tissue failure (precipitous drop in load) within 10,000 s of reaching their maximum load. The proportions of tissue samples failing were examined through 2 analyses. Inflow valves (mitral, tricuspid) were seen to fail significantly more often than did outflow valves (aortic, pulmonary) (P Ͻ 0.015; Table 3 ). No differences in failure rate were observed between the four valves when examined separately or when grouped into left side (aortic and mitral) vs. right side (pulmonary and tricuspid) or into untreated vs. NaBH 4 treated (data not shown). This result suggests that inflow valves may have a smaller hydrolytically stable cross-link population relative to the outflow valves, an indication they may be turning over their collagen at a faster rate than are the outflow valves. Values are means Ϯ SE; n, no. of steers. NaBH4, sodium borohydride. Denaturation temperatures were obtained from all samples, whereas only samples that survived the isotherm are included in the half-time of load decay results. Values labeled with different letters within a variable group (column) are statistically different (P Ͻ 0.003). *Significant difference between untreated and NaBH4-reduced groups within the same valve type (P Ͻ 0.03).
Half-time of load decay. During a prolonged 90°C aqueous isotherm, hydrolysis of primary peptide bonds occurs in collagen's molecular backbone. This leads to decay in mechanical load slowed only by hydrothermally stable, covalent crosslinking between molecules (30, 33). Only those samples that did not meet the criterion for tissue failure (above) were analyzed for load decay characteristics. Of those samples, the t 1/2 values of the NaBH 4 -treated samples were significantly larger (P Ͻ 0.03), indicating slower load decay than in the untreated samples within each valve type (Table 2) . This difference was also seen when the data were grouped into outflow and inflow valve types (Fig. 3) . Outflow valves showed significantly larger t 1/2 values than did inflow valves in both untreated and NaBH 4 -treated sample groupings (Fig. 3) . Because t 1/2 may be used as an indicator of the hydrolytically stable cross-link population, our results suggest the outflow valves possess a larger population of those cross-links relative to the inflow valves. This supports our findings from failure proportion data. The fact that untreated outflow valves had higher t 1/2 values than did untreated inflow valves suggests that the hydrolytically stable (mature) cross-link population is higher in the outflow valves; the same comparison of NaBH 4 -treated samples suggests that the total cross-link population is also higher in the outflow valves. Both of these findings point toward a higher rate of collagen turnover in the inflow valves.
Cross-link analysis. While our half-time of load decay data indicates the ratio of hydrolytically labile-to-stable cross-linking in a sample, it is not able to directly assess the populations of biochemically distinct cross-links. For this reason, the quantities of enzyme-derived cross-links were assessed biochemically in the four valves (Table 4) . Negligible amounts of the DPD cross-link were determined in all samples. Although no significant differences in the individual types of cross-links are evident between the four valves, the valves in general have a much larger amount of ketoimine-derived cross-links (PYD and DHLNL) than aldimine-derived cross-links (HHL and HLNL).
High levels of the hydrothermally stable, immature crosslink DHLNL should result in a large discrepancy between the apparent hydrolytically stable cross-link population (assessed by HIT) (Fig. 3 ) and the mature cross-link population (assessed by HPLC) (Fig. 4) , since this cross-link is included in the former but not the latter. Nevertheless, comparison of Fig. 4 , showing the biochemically analyzed quantities of mature and total cross-links in the outflow and inflow valves, and Fig. 3 reveals surprising similarity. This may suggest that aldiminederived cross-links are more mechanically relevant (bear more load) than their ketoimine-derived counterparts. One of the unique properties of HIT testing is its ability to assess those elements of the tissue sample that support the applied tension and are mechanically relevant. If aldimine-derived cross-links are supporting more of the load than the ketoimine-derived cross-links, then they would more influence the t 1/2 despite a quantitatively smaller population.
The amount of mature aldimine cross-link, HHL, in the four valves was observed to have an interesting relationship to the T d values of the valves (Fig. 5) . The valves having the greatest amount of HHL were the most molecularly stable, as assessed by T d . Similar relationships between T d and other cross-link types were not observed (data not shown). This result suggests that HHL cross-links play a role in defining the molecular stability of the collagen in heart valves more so than any other type of cross-link. This is also further evidence of the value of HIT testing to highlight the mechanically relevant aspects of tissue structure.
DISCUSSION
This is the first study to describe the relationship between collagenous molecular stability and TVP in the four valves of the mammalian heart. This study has also provided evidence Fig. 3 . The t1/2 for surviving untreated and NaBH4-reduced heart valves, as determined via HIT testing. *Within either the outflow or inflow valve group, there is a significant difference between untreated (mature cross-linking) and sodium borohydride (NaBH4)-reduced (total cross-linking) samples (P Ͻ 0.0004). †Untreated and treated inflow valves were significantly different from their corresponding groups in the outflow valves, P Ͻ 0.003, 16 Յ n Յ 24. The no. of failed and surviving valves, and the fraction of failed valves, grouped as inflow valves (mitral and tricuspid) and outflow valves (aortic and pulmonary). *Significant difference (P Ͻ 0.015) between outflow and inflow valve failures. Values are means Ϯ SE. Values labeled with different letters within the same cross-link column are statistically different (P Ͻ 0.003, n ϭ 12). HLNL, immature aldimine-derived cross-link dehydrohydroxylysinonorleucine; HHL, mature aldimine-derived cross-link histidinohydroxylysinonorleucine; HLKNL, immature ketoimine-derived cross-link, hydroxylysine-keto-norleucine; PYD, mature ketoimine-derived cross-links hydroxylysylpyridinoline and lysyl-pyridinoline. suggesting important differences in collagen turnover between valve types. Using HIT testing, we investigated molecular stability through an assessment of T d and found molecular stability to be related to the TVP supported by each valve. Differences in the proportions of collagen cross-link types were also assessed thermomechanically (using HIT testing) and biochemically (using HPLC). These tests suggested that the leaflet tissues from the four valves are remodeling at different rates, likely in response to their specific in vivo stimuli.
TVP and leaflet mechanical loading. Although TVP was used as an indicator of mechanical load on the valve, it is the stress within the tissue and experienced by the internal cell population that is of primary interest in this work. TVP will create a tensile stress within the leaflet in accordance of the Law of Laplace (19) . The magnitude of the stress will vary with the local thickness and radius of curvature of the valve, and both of these factors will differ with valve type. Merryman et al. (35) reported a correlation between valvular interstitial cell stiffness and TVP, suggesting TVP may be a good proxy for the mechanical stress experienced by those cells (35) . The correlations seen in the present study confirm the utility of TVP. Presuming homogenous leaflet material, the Law of Laplace defines the localized stress in the tissue; however, it may not represent the stress seen by the valvular interstitial cells within the tissue, nor may stress be the signal most important to cellular expression. These cells may be influenced by localized hydrostatic pressure, deviational (or distortional) stress, and strain (as defined by the stiffness of the material).
The t 1/2 and cross-linking data presented in this work suggest increased remodeling in outflow valves compared with inflow valves. Unlike Merryman et al. (35) , who used heat shock protein-47 as an indirect indicator of collagen remodeling, our findings did not correlate with in vivo loading, at least as expressed by TVP. Collagen structure may be strongly influenced by anatomical differences between inflow and outflow valves, e.g., the presence of chordae tendineae, which attach to the ventricular side of the inflow valves, differentially influencing the mechanical load on the inflow valves relative to the outflow valves.
Collagen molecular stability. T d is a measure of the hydrothermal stability of the collagen triple helix and may be influenced by a variety of factors, including inter-␣-chain hydrogen bonding, covalent cross-linking, and molecular packing. During the temperature-ramp phase of HIT testing, it is the bonds/interactions between ␣-chains of the same collagen molecule that rupture, affording the molecule the ability to uncoil. By contrast, the hydrothermally labile, covalent crosslinks between adjacent molecules do not rupture until after the T d (21) . Therefore, the rupture of these cross-links has little effect on the T d of the tissue. The similar T d values between NaBH 4 -treated and untreated samples reported in the present study support this idea, since preventing the rupture of hydrothermally labile cross-links though NaBH 4 reduction did not impact molecular stability as assessed via T d .
The stability of the collagen molecule is also influenced by the proximity of surrounding molecules. The configurational entropy of any given molecule (that is, the number of possible conformational states the molecule may achieve) is decreased by the proximity of neighboring molecules tightly packed around it in the microfibril; thereby, the thermal stability of the molecule is increased (37, 39) . The presence of intermolecular cross-links also affects the configurational entropy of the molecule by limiting the number of configurations the molecule is able to achieve, effectively holding the molecule in place and in conformation.
The specific types of intermolecular cross-links may differentially influence molecular packing, since each type has a specific bond length. This idea is brought to bear by the relationship observed here between the mature aldimine-derived cross-link, HHL, and T d . Valves with greater molecular stability, as indicated by their T d , have a greater number of HHL cross-links. The T d data and cross-link data were not derived from a paired sample population; however, both sam- ple groups (those HIT tested and those HPLC tested) were taken from the same population of 24-to 30-mo-old male cattle of similar breed from the same processing facility. Therefore, a link between HHL cross-linking and the molecular stability of collagen in heart valves is probable. Others have shown the ability to modulate molecular stability by using exogenous cross-linking agents of different bond lengths to attenuate molecular packing (36, 38) .
The unique and complex cyclic-loading environment of heart valves may lead to increased damage at the molecular level, a disruption of molecular packing, and molecular destabilization. Materials exposed to higher cyclic loads should certainly incur more damage than materials exposed to lower loads. If the rate of the cellular synthesis and degradation of collagen is constant among all of these tissues then, at any given time, tissues experiencing higher loads will contain more damaged collagen than will tissues experiencing lower loads. Damage at the molecular level may increase molecular spacing, resulting in molecular destabilization via the "polymer-ina-box" theory (39, 56, 57) . Our results suggest that leaflet tissues under higher in vivo loads are less thermally stable at the molecular level. This may be the result of a faster rate of damage accumulation at the molecular level in these materials because of the unique and complex cyclic loading experienced by heart valves.
T d . Other cardiac tissues have been reported to have similar T d values to those reported in the current study. Our T d values are similar to, but slightly lower than, the T d of bovine chordae tendineae [69°C (22, 23) ], another cyclically loaded structure in the bovine heart. However, the more simplistic uniaxial loading of chordae compared with valvular loading may mean less damage accumulation and increased molecular stability in chordae accounting for the slightly higher T d reported. Bovine pericardium, a planar tissue in the heart similar to leaflet material and often used to fabricate bioprosthetic valve leaflets (53) , has a reported T d of 68.3-70°C (29, 40, 42) . This value is similar to, but slightly higher than, the T d values of our valvular materials, again possibly because pericardium experiences lower and less complex loading than valves, thus incurring less damage and less molecular destabilization. Shen et al. (51) report a T d of ϳ63°C in fresh porcine aortic valve leaflet material. This value is similar to, but lower than, our T d values, although their tissues were from a different species. Also, because the age and gender of the animals used by Shen et al. were not reported, it is hard to draw a direct comparison between their animals and our 24-to 30-mo-old male cattle.
Collagen remodeling. The ratio of immature-to-mature cross-links in a tissue may be used as an indicator of the rate of collagen turnover in the tissue. Immature cross-links have been reported to be nearly absent at animal maturity in collagenous tissues, including bovine skin and tendon (50) , human skin (6), tendon, and cornea (9), as a result of the conversion of immature to mature cross-links (50) . Because the cattle used in this study were young adults of similar age (24 -30 mo), the four valve leaflet tissues examined here would on first blush be expected to contain similar proportions of immature and mature cross-links. Surprisingly, significant differences in the measured t 1/2 values for the inflow and outflow valves indicated that the valve types contained different proportions of hydrothermally labile and stable cross-linking. This in turn suggests that, although the valvular tissues are of identical animal ages, they are undergoing different rates of collagenous turnover. For instance, tissues shown to have a high rate of collagen turnover, such as the uterus (24) , have a larger proportion of immature cross-links (25) , whereas a lower rate of collagen turnover results in a larger proportion of mature cross-links (3, 52) . The synthesis and degradation process effectively "resets" the tissue to a form that is more lightly cross-linked wherein the cross-links are predominantly immature. Therefore, tissues with a higher collagen turnover rate are never afforded the time required to see their cross-link population fully transition to a mature form (46) . In this way, cross-link density and the immature-to-mature cross-link ratio are more an indication of tissue remodeling rate than they are of animal age or stage of maturation.
Cross-link assessment. We have used HIT testing to assess the ratio of hydrothermally labile-to-stable cross-links as an indicator of the ratio of immature-to-mature cross-links. However, one must keep in mind that these two ratios are not precisely synonymous. In this study, the group of hydrothermally stable cross-links encompasses the intermediate crosslink DHLNL, and the mature cross-links HHL and PYD, leaving the intermediate cross-link HLNL as the only truly hydrothermally labile cross-link. The hydrothermal stability of the intermediate cross-link DHLNL results in an underestimation of the immature-to-mature cross-link ratio by our HIT technique. The magnitude of this underestimation is dependent on the proportions of aldimine-derived and ketoimine-derived cross-links present in valvular tissues, which are reported in this paper for the first time to the authors' knowledge. Valvular tissues, in general, have far more ketoimine-derived cross-links than aldimine-derived cross-links. Despite this finding, use of the t 1/2 during HIT testing as an indicator of the hydrolytically stable cross-link population compares quite favorably to the amounts of each cross-link type assessed biochemically via HPLC. Although HPLC analysis is able to accurately identify the types and quantities of cross-links present, it is unable to assess their biomechanical function. HIT testing by contrast is useful in probing the hermomechanical properties of a sample but cannot identify the specific tissue structures responsible for those properties. In combination, these techniques become a synergistically potent tool able to address both structural and functional aspects, as has been the case in the present study; here, aldimine-derived cross-links have been identified as potentially more mechanically relevant despite their relatively smaller population.
The HIT technique. Although all samples were able to survive the initial temperature ramp portion of our HIT testing procedure and yield T d data, only a portion of our samples survived the sustained 90°C isotherm. As a result, our data for the t 1/2 were based on a subgroup of our larger sample population. This survivor group may represent those samples with a larger cross-link density and/or more stable cross-links. Based on this effect then, our t 1/2 data may overestimate the cross-link population in young adult valve leaflet tissues in general. NaBH 4 treatment is believed by some researchers (34, 47) to add an artifactual cross-link to collagen called histidino-hydroxymerodesmosine (HHMD). If this cross-link exists, is hydrothermally stable, and is able to support load similar to the other hydrothermally stable cross-links known to be present in valvular tissue, it may prolong load decay during our HIT testing protocol, increasing the t 1/2 , leading to the overestimation of total endogenous cross-linking in these tissues.
HIT is only able to assess the collagen fibers in a tissue that bears load between the test grips. Therefore, our results reflect the load-bearing collagen orientated primarily in the circumferential direction. Collagen fibers are preferentially orientated in valve leaflets: the majority of fibers are aligned in the circumferential direction, others are aligned in the radial direction, and still others are aligned somewhere in between radial and circumferential. The application of uniaxial load in the circumferential direction during our HIT tests may have caused fiber rotations toward that direction. Similarly, some fiber rotation may have occurred as some collagen chains were lysed during the isothermal phase of the tests. Although these rotations may have affected the absolute loads measured, they are unlikely to have influenced molecular denaturation or the HIT data reported as load ratios only. We also note that a 50-gram preload was used during HIT testing to ensure that a significant portion of the collagen fibers in the sample bore load. Although the magnitude of this preload does not affect T d (Lee et al. (28) ], this preload may remove fiber crimp and induce fiber recruitment, both of which may have somewhat influenced our HIT results.
Significance to valve physiology, pathology, and tissue engineering. This is the first study to show evidence that the collagen structure differs between heart valves, suggesting adaptive, valve-specific remodeling strategies for resistance to repetitive loading. The identified dependence of collagen structure-function on both biomechanical loading (represented by TVP) and on valve location (ventricular inflow vs. outflow position) raises several interesting questions. For instance, what are the differential influences of local cellular mechanotransduction, valve anatomy, and even embryological origin of the valvular interstitial cells on these phenomena? Both, the answers to these questions and the existence of differential valve collagen structure, are likely to influence tissue-engineering efforts to produce better valve substitutes. One might certainly consider the wisdom of a more "valve-type-specific" approach to construct creation, one that might capture native differences in local collagen turnover. The resulting valve replacement might be better tailored for survival in the unique in vivo environment in which it will be implanted.
